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1*.  abstract  rCoAiMa*  om  rmmrm  if  imcwfHmmF  mtrnufr  Or  Mh  nmtmri 

Stress-strain  curves  are  presented  for  tensile  impact  tests  on  plain-weave  glass/epoxy  and 
plain-veave  carbon/epoxy  laminates  loaded  in  a  direction  at  45°  to  both  the  warp  and  weft 
directions.  From  the  initial  linear-elastic  x?8P°n®e  the  in-plane  shear  moduli  for  the  twe 
types  of  reinforcement  at  impact  rates  of  strain  ar^  derived.  In  conjunction  with  results 
previously  obtained  from  tensile  impact  tests  on  the 'Same  laminates  loaded  in  the  warp  and 
the  weft  directions,  two-dimensional  stiffness  matrices  foT-hqth  the  glass-fabric  and  the 
carbon-fabric  reinforced  plies  are  determined.  When  comparedSnith  similar  stiffness  mat¬ 
rices  previously  obtained  under  quasi-static  loading  a  marked  effect  of  strain  rate  is  app¬ 
arent,  particularly  foi  the  glass-reinforced  ply.^^ mrrr^'J 

Using  the  stiffness  matrices  determined  experimentally  for  the  all-glass  and  the  all-carbon 
plies  under  iupact  loading,  predictions  have  been  obtained  for  the  tensile  moduli  of  hybrid 
lay-ups  of  the  two  types  of  ply  in  terms  of  the  modified  laminate  theory  developed  in  an 
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19.  '? 

sarll  values  |0  derived  are  found  to  agree  well  with  both  the  experiment¬ 

ally  taet^are<(  h^fnd  aoduii  and  the  ' ruie-of-mixtures '  predictions.  This  is  in  accord 
with  the  behaviour  previously  found  at  a  quasi-static  loading  rate. 

In  parallel  with  these  studies  of  the  tensile  impact  response  of  hybrid  composites  s  new 
transverse  impact  tasting  machine  has  been  developed,  based  on  the  principle  of  the 
llopkinson-bar,  for  studying  the  initiation  of  impact  damage  in  hybrid  laminates.  Using 
this  appir£t4b  'tests  have -bean  performed  on  all-glass  and  all-carbon  reinforced  laminates 
and  on  five  different  hybrid  lay-up:  of  carbon  and  glass.  These  tests  show  the  load 
measurement  technique  ,  using  an  instrumented  input  bar,  to  be  unsatisfactory  and  modific¬ 
ations  to  the  loading  system  are  required.  However,  examination  of  impacted  specimens 
using  a  C-scan,  followed  either  by  deplying,  to  assess  fibre  fracture,  or  oy  sectioning  and. 
observation  under  the  optical  microscope,  to  observe  micro-mechanisms  of  damage,  reveals  a 
change  in  the  damage  accommodation  mechanism  when  glass-reinforced  plies  are  added  to  an 
all-carbon  laminate  and  differences  in  the  response  of  the  two  types  of  ply  with  increasing 
impact  velocity. 
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This  present  report  is  the  fourth  in  a  series  with  the  same  general 
title.  ’Behaviour  of  Fibre-Reinforced  Composites  under  Dynamic  Tension', 
describing  a  continuing  prograsne  of  research  under  Grant  Nos.  AFOSR-82- 
0436,  AF0SR-84-0092  and  AF0SR-85-0218.  The  previous  (third  progress) 
report,  issued  October  1986,  related  to  the  first  12  months  of  the  18 
month  period,  from  1st.  May  1985  to  14th.  November  1986,  covered  by  the 
third  of  these  Grants,  No.  AFOSR-85-0218,  for  which  it  was,  therefore,  an 
Interim  Report.  The  present  report  describes  work  performed  during  the 
final  6  months  of  this  grant  period  and  so  constitutes  the  Final  Report  on 
Grant  No,  AFOSR-85-0218.  It  should,  however,  be  read  in  conjunction  with 
the  previous  (third)  report  since  only  the  additional  work  undertaken  during 
the  final  6  month  period  is  reported  on  here. 
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A  major  problem  in  the  development  of  f ibra-rsinforced  composite  mat- 
erisls  for  structural  applications  is  their  low  resistance  to  impact  damage. 
This  is  of  particular  significance  when  considering  their  use  in  the  air-  * 
craft  industry  where  design  tolerances  are  very  tight  and  where  impact  load¬ 
ing  tram,  for  example,  bird-strike  or  runway  debris,  is  not  unexpected.  A 
need  is  clearly  apparent,  therefore,  both  to  characterise  the  impact  mech¬ 
anical  response  of  fibre-reinforced  composites  and  to  study  ways  of  improv¬ 
ing  their  impact  resistance.  In  general  two  approaches  are  possible  in 
seeking  to  tackle  this  problem,  either  to  attempt  to  determine  the  effect 
of  loading  rate  on  the  fundamental  material  mechanical  response  and  the 
specific  micromechanisms  of  composite  failure  or  to  seek  to  reproduce  in 
experimental  form  the  impact  loading  configuration  experienced  in  practice. 

So  far  in  the  present  investigation  it  is  the  first  of  these  two  app¬ 
roaches  which  has  been  followed.  Room  temperature  tensile  stress-strain 
curves  have  been  obtained  for  various  hybrid  composites  of  carbon  and  glass 
and  of  their  constituent  plies  over  a  range  of  strain  rates  from  quasi-static 
('v.1(T3/s)  to  impact  (M  000/s)  and  the  operative  micromechanisms  of  deform¬ 
ation  and  fracture  have  been  investigated  by  optical  and  scanning  electron 
microscopy  to  assess  how  far  hybridisation  allows  an  optimisation  of  the 
mechanical  properties  under  impact  loading.  Analytical  expressions  have 
been  developed  relating  the  strength  and  stiffness  of  the  hybrid  specimens 
to  the  properties  of  the  constituent  plies  and  the  lamination  parameters. 

The  quasi-static  two-dimensional  stiffness  matrix  has  been  detarminod 
for  each  type  of  reinforcing  ply  and  predicted  moduli  have  been  obtained 
for  the  hybrid  specimens.  Good  agreement  is  found  between  these  predicted 
values  and  those  derived  from  the  rule  of  mixtures  and  both  closely  follow 
the  experimentally  measured  values  of  tensile  modulus.  In  the  present  re¬ 
port  the  equivalent  two-dimensional  stiffness  matrix  for  each  type  of  re¬ 
inforcing  ply  under  impact  loading  conditions  is  determined  and  the  corr¬ 
esponding  predicted  tensile  moduli  for  the  various  hybrid  specimens  are 
obtained  and  again  compared  with  both  the  rule  of  mixtures  and  the  exper¬ 
imentally  measured  values.  The  results  of  this  study  were  presented  at 
the  recent  International  Conference  at  Bremen,  IMPACT  87,  and  a  preprint 
of  the  conference  paper  is  attached  to  thia  report  (I). 

In  the  second  progress  report  (2)  it  was  concluded  that  the  low  failure 
strains  in  the  hybrid  specimens  under  tensile  impact  loading  were  related  to 
a  restriction  of  the  damage  sons  in  the  glass-reinforced  plies  due  to  the 
presence  of  neighbouring  carbon  reinforced  plies.  This  is  primarily  a 
geometrical  effect  asaociatsd  vith  the  tensile  loading  configuration. 

Under  transverse  impact  loading  a  greater  hybrid  effect  might  well  be  ex- 


(1)  Harding,  J.,  Saks,  F.  and  Taylor,  M.  E.  C,,  "The  TJL feet  of  Strain  Rate 
on  the  Tensile  Failure  of  Woven-Reinf orcsd  Carbon/Glass  Hybrid  Comp¬ 
osites",  Proc.  IMPACT  87,  Bremen,  May  1987  (in  press) 

(2)  Saks,  K.  and  Harding,  J.,  "Behaviour  of  Fibre-keinforced  Composites 
under  Dynamic  Tension",  Final  Report  on  Grant  No.  AID  SR -84-009 2, 
September  1985  (Oxford  University  Engineering  Laboratory  Report  No. 
OUEL  No.  1602/85) 
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pected  if  tb«  glass-fibre  reinforced  piles  ere  situated  in  thone  regions 
of  the  spec lean  experiencing  the  largest  deformations.  A  few  exploratory 
teats  were  proposed  (3),  therefore,  in  which  the  sane  laminates  as  have 
been  used  in  the  preparation  of  the  tenaile  test  specimens  would  also  be 
subjected  to  controlled  transverse  inpact  loading.  Such  a  loading  con¬ 
figuration  corresponds  Much  aore  closaly  to  that  often  obtained  in  pract¬ 
ice  aud  so  follows  the  second  approach  described  in  the  first  paragraph 
above. 

Previous  attempts  to  simulate  the  transverse  iapact  loading  often  en¬ 
countered  in  practical  engineering  structures,  and  froa  which  data  on  the 
structural,  rather  than  aaterial.  response  night  be  obtained,  have  been 
aade  by  several  investigators.  In  early  work  Beauaont  et  al.  (A)  observed 
the  dsauge  resulting  in  fuselagg  skin  materials  after  iapact  at  different 
velocities.  The  results  obtained  were  qualitative  and  no  atteapt  was  aade 
to  aeaaure  the  loads  applied  during  the  iapact  process.  In  aany  subsequ¬ 
ent  investigations,  however,  instrumented  drop-weight  impact  tests  were 
developed.  Broutaan  and  lotea  (5),  for  exaaple,  impacted  bean  speciaans 
at  centre  span,  the  ends  being  supported  on  load  cells,  while  a  high-speed 
caaera  was  used  to  observe  the  deforaation.  For  GFftP  speciaans  they  found 
increased  strength  and  energy  absorbtion  at  high  rates  of  loading  and  ob¬ 
served  that  the  swchanisa  of  energy  absorbtion  was  by  dslaaination  between 
layers  and  between  fibres  and  could,  therefore,  be  affected  by  the  surface 
treatment  of  the  fibres  and  the  surface  characteristics  of  the  lauinae. 

More  coamwnly  the  load  cell,  often  a  pieso-electric  force  transducer,  was 
attached  directly  directly  to  the  falling  weight  (6,  7,  8,  9)  and  the  re¬ 
sulting  force-tine  curvo  used  to  obtain  energy,  velocity  and  displacement 
as  functions  of  tins  and  force  as  a  function  of  displacement.  This  re¬ 
quires  the  assumption  of  quasi-static  equilibrium  within  the  specimen. 


(3)  Harding,  J.,  Saks,  K.  and  Taylor,  M.  E.  C.,  "Behaviour  of  Fibre  Rein¬ 
forced  Composites  under  Dynamic  Tension",  Interim  Report  on  Grant  No. 
AF0SR-B5-0218,  October  1986  (Oxford  University  Engineering  Laboratory 
Report  Ho.  (RIEL  Ho.  1634/86) 

(4)  Beaumont,  P.  H.  R.,  Riewald,  P.  G.  and  Zweben,  C.,  "Methods  for  Imp¬ 
roving  the  Impact  Resistance  of  Composite  Materials",  Foreign  Object 
Impact  niTTE"  *"*  Cosmos i tee.  ASTM  STP  568,  Aner.  Soc.  for  Testing  and 
Materials,  (1974)  134. 

(5)  Broutnan,  L.  J.  and  Rotsn,  A.,  "Impact  Strength  and  Toughness  of  Fiber 
Composite  Materials",  ibid,  114. 

(6)  Caprino,  G,,  Orivelli  Visconti,  I.  and  Di  Ilio,  A.,  "Elastic  Behaviour 
of  Composite  Structures  undsr  Low-Velocity  Impact",  Composites,  Vol. 
15,  No.  3,  (1984)  231. 

(7)  Tati,  R, ,  Langella,  F.,  Crivelli  Visconti,  I.  and  Caprino,  G. ,  "Impact 
Response  of  Carbon  Cloth  Reinforced  Composites",  Proc,  ICCM  V.  TMS- 
AIMB,  (1985)  373. 

(8)  Winkel,  J.  D,  and  Adams,  U.  F.,  "Instrumented  Drop-Weight  Impact  Test¬ 
ing  of  Cross-Ply  and  Fabric  Coi^osites",  Composites.  Vol.  16,  No.  4, 
(1985)  268. 
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In  many  cases  oscillations  vara  observed  on  the  force-time  signals  obtain- 
ad  from  tha  load  calla  avan  though  filtaring  techniques  vara  uaad  to  smooth 
tha  data  (6,  8),  an  indication  of  stress  vava  raflactiona  within  tha  load 
call  aa  wall  aa  tha  specimen.  Daapita  thaaa  oscillations,  hovavar ,  Klbar 

(10)  haa  ahown  that  for  impact  valocitiaa  up  to  7m/a  tha  assumption  of 
quaai-atatic  equilibrium  in  tha  specimen  nay  not  ba  unreasonable,  although 
a  datailad  examination  of  tha  raaulting  damage  showed  difference*  between 
that  cauaad  by  inpact  loading,  where  fibre  failure  waa  greater  in  pliaa 
cloaa  to  tha  back  surface,  and  that  cauaad  by  quaai-atatic  loading  where 
fibre  failure  waa  greeteat  nearer  the  centra  pliaa. 

kaaidual  daaage  in  CFRP  panels  waa  alao  atudied  by  Dorey  and  Siday 

(11)  after  impact  at  a  wide  range  of  valocitiaa.  Below  60m/a  aiaple  band¬ 
ing  theory,  and  tha  aaauaption  of  quaai-atatic  conditiona  in  tha  apecinan, 
could  ba  uaad  to  pradict  tha  critical  incident  energy  to  produce  failure. 
Above  8 On/ a  a  relatively  dean  hole  waa  punched  in  the  apecinan,  which 
could  ba  treated  aa  affectively  rigid  during  the  pariod  of  loading.  It 
waa  in  tha  intemediate  range  of  velocity,  from  60  to  80n/a,  where  atreaa 
wave  raflactiona  within  the  apecinan  clearly  affected  tha  mechanical  re- 
aponae,  that  the  moat  marked  drop  in  reaidual  atrangth  mat*  obaervad. 

In  tha  light  of  thaaa  earlier  inveatigationa  an  attempt  haa  been  wade 
to  develop  an  improved  tranavarae  impact  teat  for  compoaite  laminates  in 
which  the  instruawntation  provided  will  allow  an  unambiguous  determination 
of  force,  velocity  and  displacement  without  the  need  to  assume  conditions 
of  quaai-atatic  equilibrium,  and  in  which  the  importance  of  stress  wave 
raflactiona  within  the  apeciiMn  may  be  determined  for  any  chosen  geometry. 

A  description  of  the  testing  machine  and  itr  operation  is  given  in  section 
2  below  and  its  uae  to  atudy  the  development  of  impact  damage  in  woven  hy¬ 
brid  carbon/glasa  and  all-carbon  laminates  ia  described  in  section  3.  A 
summary  of  this  work,  as  presented  to  the  Sixth  International  Conference  on 
Compoaite  Materials  (1CCM  VI)  at  Imperial  College,  London,  in  July  1987, 
is  given  in  the  attached  preprint  (12). 


(9)  Davis,  C.  K.  L.,  Turner,  S.  and  Williamson,  K.  H.,  "Flexed  Plate  Impict 
Testing  of  Carbon  Fibre-Reinforced  Polymer  Composites",  Composites, 

Vol,  16,  No.  4,  (1985)  279. 

(10)  Blber,  W.,  "Failure  Mechanisms  in  Low-Velocity  Impacts  on  Thin  Compos¬ 
ite  Plates",  NASA  Technical  Paper  2152,  May  1983. 

(11)  Dorey,  G.  and  Sidey,  G.  R.,  "Residual  Strength  of  CFRP  Laminates  after 
Ballistic  Impact",  Proc.  Conf.  on  Mach.  Props,  r>t  High  Rates  of  Strain. 
Inst,  of  Physics  Conf.  Ser.  No.  21,  (1974)  344. 

(12)  Li,  R,  X.  T.  and  Harding,  J,,  "Studies  of  Tranavarae  Impact  Damage  in 
Composite  Materials  using  a  Hopkins  on  Type  Pressure-Bar  Technique", 
Proc.  IQCM  VI.  Elsevier  Applied  Science,  London  and  New  York,  Vol.  3, 


The  only  changes  in  tha  experimental  procadura  a Inca  tha  third  progress 
raport  mi  iaauad  ralata  to  tha  development  of  tha  transverse  impact  taat. 
Thia  ia  illustrated  schematically  in  fig.  2.1  along  with  tha  aaaociatad 
Lagrange  (alaatic  wava  propagation)  diagram.  A  aaall  air-gun,  not  shown, 
ia  uaad  to  acealarata  tha  projactila  to  valocitiaa  from  batwaan  2  and  20m/a. 
Tha  projactila  makas  coaxial  impact  on  an  inatrumantad  input  bar  of  tha 
soma  matarial  and  cross-section  and  compreaaive  atraaa  waves,  of  magnituda 
o  -  jpcv,  whara  p  ia  tha  danaity  and  c  tha  longitudinal  alaatic  wava  apaad 
for  tha  bar  matarial  and  v  ia  tha  impact  velocity,  propagate  in  both  direct- 
iona  from  tha  point  of  impact,  giving  atrain-tima  signals  at  tha  two  gauge 
atations  which  have  tha  idealised  form  ahown.  Tha  projectile  and  input  bar, 
which  have  lengtha  of  0.33  and  0.99m  reapectively  and  are  machined  from  12.5 
mm  diameter  ataal  hart,  aaparata  at  time  T,  tha  input  bar  continuing  to 
oecillate  and  to  apply  a  at'  nd  loading  and  diaplacement  to  tha  centra  of 
tha  circular  plate  a peel  Tha  and  of  tha  input  bar  in  contact  with  the 

•pecimen  ia  hemispherical  and  tha  apecimen  ia  fully  clamped  at  the  edgea 
with  an  exposed  diameter  of  60am.  In  principle,  by  varying  tha  impact  vel¬ 
ocity  and  tha  length  of  the  projactila,  it  should  be  possible  to  control  the 
magnituda  and  duration  of  tha  force  applied  to  tha  specimen.  In  practice, 
oscillations  in  tha  input  bar  lead  to  complications  in  the  calculation  of 
tha  load.  A  batter  arrangement ,  which  has  bean  introduced  more  recently, 
is  to  have  tha  projectile  and  input  bars  of  tha  same  length,  giving  the  most 
rapid  decay  of  these  oscillations. 

Typical  input  bar  aignala  from  gauge  stations  I  and  II,  as  stored  in  a 
Datalaba  type  912  dual  channel  transient  recorder  and  subsequently  trans¬ 
ferred  to  an  IBM. PC  microcomputer,  are  shown  in  fig.  2.2.  The  signals, 
which  in  this  case  ralata  to  a  taat  on  an  all-carbon  laminate  at  an  air-gun 
firing  pressure  of  OOpsi,  corresponding  to  a  projectile  velocity  of  ^2m/s, 
have  been  superimposed  in  time  and  processed  in  tha  computer  to  give  stress 
levels  in  MPa.  From  thasa  stress-time  traces,  using  the  standard  Hopkinaon 
bar  analysis,  the  velocity,  displacement  and  load  at  the  interface  between 
the  input  bar  and  the  centre  of  the  specimen  may  be  determined  and  are  shown 
in  figs.  2.3,  2.4  and  2.5  respectively.  The  effect  of  wave  reflections  in 
the  input  bar  is  to  give  a  series  of  velocity  pulses  of  decreasing  magnitude 
to  tha  specimen,  see  fig.  2.3,  leading  to  a  corresponding  series  of  steps  on 
the  displacement-time  curve  of  fig.  2,4,  The  Hopkinson-bar  analysis  for 
strees  depends  on  the  difference  between  the  computed  incident  and  reflected 
waves  In  the  input  bar.  At  the  low  impact  velocities  required  to  study  the 
initiation  of  damage,  and  hence  for  the  low  applied  loads,  the  calculation 
will  be  extremely  sensitive  to  small  variations  in  the  signals  from  the  in¬ 
put  bar  gauges  shown  in  fig.  2.2.  This  leads  to  the  high  frequency  noise 
ou  the  computed  load-time  curve  of  fig.  2,5.  Clearly,  for  the  present  type 
of  specimen,  this  is  not  a  vary  satisfactory  method  for  measuring  the  applied 
loads. 


It  is  possible,  however,  to  deduce  from  fig.  2.5  that  the  duration  of 
loading  of  the  specimen  is  of  the  order  of  I. 5ms.  This  is  very  much  longer 
than  the  time,  of  the  order  of  10  to  20ys,  for  stress  waves  to  reflect  within 
the  specimen  and  suggests  that  the  specimen  can  be  considered  to  be  in  quasi- 
ststic  equilibrium  for  most  of  the  duration  of  loading.  As  an  alternative 
method  of  determining  the  load  applied  to  the  specimen,  therefore,  utrain 


gauges  were  attached  directly  to  the  back  surface  of  the  specimen,  see 
fig.  2.6.  Initially  gauges  were  fixed  at  the  centre  point  behind  the 
input  bar  contact  point  and  aligned  with  the  warp  and  weft  directions, 
positions  A  and  B  respectively,  not  shown  in  fig.  2.6.  Signals  stored 
in  the  transient  recorder  from  these  two  gauges  for  the  same  impact  as  in 
fig.  2.2  are  shown  in  figs.2.7a  and  b.  Almost  identical  tensile  strain 
signals  are  obtained,  confirming  the  balanced  plain  weave  lay-up  of  the 
all-carbon  laminate.  Both  showed  a  stepped  response  closely  similar  to 
that  of  the  displacement-time  trace  of  fig.  2.4,  as  would  be  expected  if 
the  specimen  were  in  a  state  of  quasi-static  equilibrium,  although  the 
small  superimposed  oscillations  may  indicate  the  presence  of  stress  waves 
within  the  specimen  induced  by  each  successive  velocity  pulse. 

Unfortunately,  in  tests  at  higher,  impact  velocities,  required  to  in¬ 
duce  more  damage  in  the  specimen,  gauges  in  positions  A  and  B  often  failed 
early  in  the  test  so  alternative  positions,  C  and  D  and  G  and  F,  see  fig. 
2.6,  were  chosen.  For  gauge  stations  G  and  F  the  output  signals,  again 
for  the  test  of  fig.  2.2,  are  shown  in  fig.  2.8.  Note  that  here,  because 
the  plate  specimen  is  fully  clamped  at  the  edges,  the  radially  aligned 
gauge  F  experiences  a  compressive  strain.  Otherwise  the  same  general 
features  as  before,  a  stepped  profile  overall  with  small  superimposed  osc¬ 
illation,  are  observed.  To  determine  the  specimen  loading  a  quasi-static 
calibration  was  performed  in  which  the  strain  gauge  signals  were  recorded 
for  known  transverse  loads  applied  statically  to  the  centre  of  the  specimen. 
Calibrations  lines  for  the  four  gauge  stations,  C,  D,  E  and  F,  are  shown 
in  fig.  2.9.  Taking  gauge  station  F,  for  which  the  calibration  of  fig. 

2.9  is  the  most  nearly  linear,  the  gauge  rignal  of  fig.  2.8b  can  be  used 
to  derive  the  variation  of  load  with  time  at  the  centre  of  the  specimen 
during  impact .  The  load-time  trace  so  obtained  is  compared  in  fig.  2.10 
with  that  derived  from  the  Hopkinson-bar  analysis  and  shown  in  fig.  2.5. 

The  general  shape  of  the  two  curves  is  seen  to  be  closely  similar,  the 
noise  on  the  Hopkinson  bar  curve  falling  more  or  less  symmetrically  about 
the  curve  derived  from  strain  gauge  F. 

Finally,  using  the  load-time  curve  from  strain  gauge  F  and  the  dis¬ 
placement-time  curve  of  fig.  2.4,  a  load-displacement  record,  as  shown  in 
fig.  2.11,  may  be  obtained  for  the  impact.  Although,  largely  due  to  the 
stepped  nature  of  the  applied  loading  but  possibly  also  to  stress  waves 
within  the  specimen,  this  load-displacement  trace  shows  large  variations 
from  a  smooth  loading  curve  its  general  form  is  clear  and,  in  particular, 
a  peak  load  of  ^2.6131  and  a  peak  displacment  of  <v>l .2mm  in  a  time  of  about 
lms  can  be  deduced  for  this  impact. 

There  are  several  limitations,  however,  to  this  technique  for  load 
determination.  In  the  test  of  fig.  2.2  subsequent  examination  of  the  im¬ 
pacted  specimen  failed  to  detect  any  signs  of  damage.  However,  at  the 
higher  loads  required  to  initiate  damage  an  extrapolation  of  the  calibrat¬ 
ion  curves  of  fig.  2.9  will  be  required.  Also,  as  significant  damage  is 
introduced  the  calibration  is  likely  to  become  increasingly  non-linear. 
Under  such  conditions  only  an  approximate  estimate  of  the  peak  load  can 
be  obtained.  In  addition  the  calibration  will  be  different  for  different 
specimen  hybrid  lay-ups,  although,  as  shown  in  fig.  2.12,  gauge  F  will 
still  exhibit  the  most  nearly  liuear  response.  For  these  reasons  two 
modified  versions  of  the  transverse  impact  test  are  being  developed.  The 
first,  and  simplest,  replaces  the  projectile  and  input  bar  by  two  equal 
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length  titaniue  alley  loading  tan  la  an  attest  to  einladae  tha  effect  of 
oeeillatieea  ie  :be  input  bar.  The  aecond  mb  to  uae  the  projectile  to 
accelerate  the  input  bar  to  a  conatant  velocity  in  an  unatreaaed  atate  be¬ 
fore  it  iapecte  tbe  epee  loan.  Tbe  input  bar  gauge*  will  then  give  a  dir¬ 

ect  taaaaure  of  tha  load  applied  to  tha  ai  ecliMn.  The  aucceaa  or  otherviae 
of  theee  propoaala  will  ha  cooaidered  is  the  next  report. 


3.  HyPIHIHTAL  BB8ULTS 


In  the  six  month  period  follovinc  the  work  described  in  the  third  report 
progress  haa  been  ante  on  tvo  fronts.  Aa  deacr4 bed  in  aectioe  3.1  belov 
data  haa  been  obtained  froa  which  the  dynaaic  elastic  properties  of  the 
all-carbon  and  the  all-glass  reinforcing  plies  nay  be  determined.  Using 
this  data  the  corresponding  dynaaic  stiffness  matrices  are  determined,  see 
section  4.1,  and  predictions  are  made  of  the  tensile  elastic  moduli  for 
the  three  hybrid  lay-ups.  see  section  4.2.  In  parallel  with  this  work, 
the  transverse  iapset  testing  machine  described  in  section  2  has  been  used 
to  study  the  effect  of  hybrid  lay-up  on  the  development  of  daaage  under 
this  type  of  loading.  A  separate  report  (13)  which  fully  describes  this 
work  is  attached.  An  outline  of  the  main  results  is  given  in  section  3.2 
below. 


3.1  Determination  of  Dynaaic  Elastic  Properties 

3.1.1  Vaisted  Specimens 

As  described  in  the  third  progress  report  (3)  impact  tests  have  been 
performed  on  the  standard  design  of  tensile  specimen,  i.e.  vaisted  in  the 
thickness  direction,  for  both  the  all-glass  and  the  all-carbon  laainates 
loaded  in  both  the  warp  (A)  and  the  weft  (B)  directions.  The  data 
obtained  in  these  tests  are  summarised  in  Table  3.1  belov. 
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Material 

Direction 
of  loading 

B 

°MX 

‘f 

a 

y 

ey 

GPa 

MPa 

X 

MPa 

X 

All-carbon 

Varp 

(A) 

48.7 

362 

1.32 

501 

1.04 

±14X 

±7X 

±6X 

±6X 

±14X 

Weft 

(B) 

49.0 

308 

1.10 

482 

1.00 

±81 

±2X 

±9X 

±5X 

±14X 

All-Glass 

Warp 

(A) 

24.0 

494 

4.21 

151 

0.62 

±4X 

tlX 

±5X 

±5X 

±6X 

Weft 

(B) 

17.1 

427 

4.43 

165 

0.96 

±13X 

±4X 

±9X 

±14X 

*18X 

3.1.2  Tests  on  Parallel-Sided  Coupons 

Although  the  results  of  Table  3.1  do  give  an  estimate  of  the  dynamic 
values  of  Youngs  moduli  for  the  tvo  materials  in  the  tvo  directions  of 
reinforcement  it  is  still  required  to  determine  the  corresponding  values  of 
Poisson's  ratio,  and  and  the  in-plane  shear  modulus  G^.  In  the 


{ _ 

(13)  Li,  r  K.  Y.  and  Harding,  J.,  "Studies  of  Transverse  Impact  Damage  in 
Composite  Materials  using  a  Bopkinson-Type  Pressure  Bar  Technique", 
Oxford  University  Engineering  Laboratory  Report  No.  OUBL  1706/87 


quasi-static  tests  reported  earlier  (3)  these  vara  detatmined  using  par¬ 
allel  *ided  coupon*  cut  froa  tho  tvo  laainataa  vith  the  loading  axia  in 
:ltber  tha  varp  or  tha  weft  d tract ion*  or  at  43°  to  these  diractlona,  l.a. 
tha  C  direction,  aa  ahovn  schematically  in  fig.  3.1.  Thaaa  coupon*  vara 
raloadad  aavaral  tiaa*  vlthin  tha  alaatlc  rang*  and  tha  longitudinal  and 
transverse  atralna  measured  aach  tiaa  uaing  atraln  gauga  roaattaa  attached 
to  tha  tvo  aurfacaa  of  tha  coupon.  Undar  lapact  loading,  hovavar,  it  is 
not  poaalhle  to  interrupt  tha  teat  and  unload  tha  a perinea  before  tha 
elastic  limit  la  axcaadad.  Nevertheless,  it  ia  atill  advantagaoua  to  uaa 
parallal-aided  coupon*  inataad  of  vaiatad  spaciaana  ainca  tha  Halting 
elastic  load  ia  higher  and  tha  accuracy  vith  which  tha  alaatlc  conatants 
nay  ha  datarainad  la  greater.  Further  taata,  therefore,  vara  perforaed  on 
parallel-sided  coupons  loaded  in  both  tha  varp  and  tha  vaft  directions,  as 
in  flga.  3.1a  and  b,  tha  longitudinal  and  tha  transverse  strain  being 
aeasured  in  aach  case. 

A  typical  sat  of  strain  gauga  records  for  such  a  test  on  an  all-carbon 
speciaen  loaded  in  tha  varp  direction  is  ahovn  in  fig.  3.2.  Tha  stress 
in  tha  speciaen  is  datarainad  froa  tha  output  bar  gauga  signal,  fig.  3. 2d, 
the  strain  in  tha  loading  direction  froa  tha  axial  strain  gauga,  fig.  3.2c, 
and  tha  strain  in  tha  90°  direction  froa  tha  transverse  strain  gauga,  fig. 
3.2e,  tha  latter  shoving  a  negative  signal  corresponding  to  a  coaprassiva 
strain.  Tha  other  signals  coaa  froa  tha  input  bar  gauges  and  are  normally 
used  in  determining  tha  dynamic  stress-strain  curve  when  a  standard  spec¬ 
iaen  is  tested.  For  tha  present  purpose  tha  signals  of  figs.  3. 2d  and 
3.2c  are  adjusted  to  tha  same  time  aero  and  than  plotted  against  each 
other  to  *tva  tha  alaatic  strass-strain  response  up  to  tha  point  at  vhich 
tha  coupon  pulls  out  of  the  loading  bars.  Tha  results  of  three  such  tests 
are  compared  in  fig.  3.3.  Tha  linear  slopes  obtained  correspond  to  moduli 
in  tha  varp  dlractlon  ranging  froa  34.1  to  59.4GP*.  In  tha  same  vay 
Poisson's  ratio  may  be  obtained  by  cross-plotting  tha  signals  of  figs.  3.2e 
and  3.2c,  as  shorn  in  fig.  3.4  for  tha  sane  three  tests,  the  initial  linear 
region  giving  values  of  ranging  froa  0.058  to  0.063.  Similar  results 
for  tests  on  tha  all-glass  reinforced  aatarial  loaded  in  the  weft  direction 
are  ahovn  in  figs.  3.5  and  3.6,  respectively.  A  complete  set  of  data 
obtainad  in  this  vay  is  given  in  Table  3.2  belov. 

TABLE  3.2  Youngs  Moduli  and  Poisson's  Ratios  for  All-Carbon  and  All-Glass 
Laminates  from  Tests  on  Parallel- Sided  Coupons 
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oh 

G?a 

VAB 

''BA 
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Brror 

All-Carbon 

54.1 

66.3 

0.061 

0.094 

0.075 

-0.019 

54.3 

54.0 

0.058 

0.063 

0.063 

59.4 

62.4 

0.065 

0.080 

0.068 

-0.012 

5575 

6075 

0.061 

67079 

07656 

-67615 

42.6 

±6.2 

±0.004 

±0.015 

±0.006 

All-Glass 

29.9 

23.0 

0.169 

0.151 

0.130 

-0.021 

28.6 

24.3 

0.184 

0.J60 

0.156 

-0.004 

27.5 

23.5 

0.176 

0.155 

0.150 

-0.005 

5877 

2578 

076 

(055 

065 

767516 

±1.2 

±0.6 

±0.007 

±0.005 

±0.013 
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For  comparison,  v^a  is  also  determined  from  tha  symmetry  hvpothesi*  for  an 
orthotropic  laminate,  i.a.  fro* 

Via  “  *bvab’ 

livlnf  an  altarnativa  valua,  vt..  Tha  discrepancy  batvaan  thasa  tvo 
values  is  indicated  in  tha  "error*  column  in  Tabla  3.2.  It  is  not  unusual 
to  find  such  a  discrepancy  (13,14)  and  in  such  cases  it  is  generally  tha 
practice  to  use  the  value  in  determining  the  stiffness  matrix.  A 
further,  and  more  marred,  discrepancy  is  found,  however,  when  comparing 
the  measurements  of  Youngs  modulus  from  the  walsted  specimens,  table  3.1, 
with  those  from  the  parallel-sided  coupons,  table  3.2.  The  contrast  be¬ 
tween  the  tvo  sets  of  data  is  seen  very  clearly  in  table  3.3  below. 


TABLE  3.3  Comparison  of  Youngs  Modulus  as  Measured  from  Walsted 
Specimens  and  from  Parallel-Sided  Coupons 


Specimen  Type 


Valsted 

Parallel-sided 


All-Carbon  Specimens 
Ea  (GPa)  Ej  (GPa) 


48.7  ±7.1 
55.9  ±2.6 


49.0  ±4.1 
60.9  ±2.6 


All-Glass 
Ea  (GPa) 

24.0  ±0.9 
28.7  ±1.2 


Specimens 
Eg  (GPa) 

17.1  ±2.2 
23.6  ±0.6 


In  each  case  the  measured  modulus  for  the  parallel-sided  coupon  exceeded 
that  for  the  valsted  specimen  by  betveen  15  and  301,  a  difference  con¬ 
siderably  greater  than  the  experimental  scatter  within  any  one  set  of 
measurements.  Although  a  similar  trend  may  be  observed  in  the  earlier 
quasi-static  modulus  measurements  (3)  the  effect  there  vas  extremely  small 
and  was  ignored.  In  the  present  tests,  however,  this  is  not  possible  and 
so,  in  the  absence  as  yet  of  any  explanation,  both  sets  of  data  have  been 
recorded  and  vill  be  considered  vhen  the  results  are  subsequently  analysed. 

3.1.3  Tests  on  Specimens  Loaded  in  the  'C'  Direction 

For  the  impact  tests  in  the  'C'  direction  vaisted  specimens,  rather  than 
parallel-sided  coupons,  were  chosen  so  that,  in  addition  to  the  data  requ¬ 
ired  for  the  determination  of  the  dynamic  in-plane  shear  modulus,  complete 
dynamic  stress-strain  curves  could  also  be  obtained.  Specimens  were 
strain  gauged  as  shovn  in  fig.  3.1c.  A  typical  set  of  strain  gauge  rec¬ 
ords  for  such  a  test  on  an  all-glass  specimen  is  shown  in  fig.  3.7.  Sig¬ 
nals  from  the  specimen  strain  gauges  aligned  with  the  warp  (-45°  or  A), 
the  weft  (+45°  or  B)  and  the  loading  (0°  or  C)  directions  are  given  in 
figs.  3.7f,  e  and  c  respectively  vhile  the  input  and  output  bar  gauge 
signals,  stations  I,  II  and  II,  respectively,  are  given  in  figs.  3.7a,  b 
an 3  d.  Using  these  latter  three  signals  the  standard  Hopkinson-bar 
analysis  may  be  used  to  derive  a  dynamic  str»ss-s train  curve.  Such  a 

(14)  Lempriere,  B.  N.,  "Uniaxial  Loading  of  Orthotropic  Materials",  AIAA 
Journal,  6,  (1968),  365-368. 

(15)  Bert,  C.  tf. ,  Mayberry,  B.  L.  and  Ray,  J.  D. ,  "Behaviour  of  Fibre- 
Reinforced  Elastic  Laminates  under  Biaxial  Loading”,  A STM  STP  460, 
(1969),  362-380 
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curve  fee  e  teat  on  an  all-carbon  speclaen  leaded  In  the  C  direction  la 
•hewn  In  fig.  3.B.  41 ae  in  fig.  3.1  la  included  the  atreaa-atrain  curve 

derived  directly  free  the  output  bar  signal,  fig.  3.7d,  which  gives  the 
specimen  atreaa,  sad  the  signal  free  the  apeclean  strain  gauges  aligned 
with  the  loading  direction,  fig.  3.7c,  which  gives  the  speclaen  strain  up 
to  the  point  at  which  aurface  daeage  on  the  apedaen  results  in  failure  of 
these  gauges.  Hhlle  the  aaxlaua  strain  reached  in  this  case  is  Halted, 
the  curve  obtained  does  gives  a  more  accurate  aaasure  of  the  elastic 
aodulus,  here  designated  I..  The  apedaen  strain  gauges  are  used,  there¬ 
fore,  both  to  deteraine  the  elastic  aodull  of  the  speclaen  aaterial  and 
also,  sc  described  in  the  previous  report  (3)  for  testa  on  spedaens  load¬ 
ed  in  the  A  and  B  directions,  to  correct  the  initial  part  of  the  dynaalc 
stress-strain  curve.  The  resulting  corrected  curve  is  also  shown  in  fig. 
3.8. 


In  these  earlier  tests  (3)  the  speclaen  strain  gauges  always  failed 
before  the  speclaen  elastic  llait  vaj  reached.  In  the  present  tests, 
however,  when  all-carbon  apeclaans  ara  loaded  in  the  C  direction,  the 
speclaen  strain  gauges  aligned  in  the  loading  direction  (corresponding  to 
Cl  -  t  in  fig.  3.1)  continued,  in  soae  cases,  to  give  an  output  signal  to 
strains  well  beyond  the  elastic  Halt,  as  shown  in  fig.  3.8.  Because  of 
this  several  anoaalles  beeoae  apparent  which  were  not  previously  seen. 

Thus  the  yield  stress  for  the  stress-strain  curve  derived  froa  the  speclaen 
strain  gauges  lies  significantly  below  that  for  the  corrected  Hopkinson-bar 
curve  as  do  also  the  subsequent  stress  levels  up  to  a  point  at  which  a 
crossover  is  seen  between  a  region  at  low  strains,  where,  in  coaparison 
with  the  speclaen  strain  gauges,  the  Hopkinson-bar  analysis  at  any  given 
stress  overestiaates  the  speclaen  strain  and  a  region  at  high  strains 
where  the  Hopkinson-bar  analysis  underestiaates  the  speclaen  strain.  A 
possible  explanation  for  this  crossover  in  response  follows  froa  the 
different  effective  gauge  lengths  used  in  calculating  the  tvo  curves  of 
fig.  3.8.  For  the  curve  derived  froa  the  speclaen  strain  gauges  the  gauge 
length  is  the  active  length  of  the  strain  gauge  itself,  about  2aa,  lying 
entirely  within  the  central  parallel  region  of  the  apedaen.  For  the 
curve  derived  froa  the  Hopkinson-bar  analysis,  however,  the  effective  gauge 
length  is  the  gap  between  the  loading  bars,  about  2Saa  for  the  all-carbon 
spec inane,  which  Includes  the  tapered  as  well  as  the  parallel  region  of  the 
speclaen.  Although  this  estiaate  of  gauge  length  should  not  be  too  great¬ 
ly  in  error  while  the  deforaatlon  is  elastic,  once  dosage  begins  to  develop 
in  the  central  parallel  region  of  the  speclaen  the  effective  gauge  length 
is  likely  to  be  reduced,  and  hence  the  aoasured  strain  increased,  by  about 
a  factor  of  3.  This  is  apparent  froa  froa  fig.  3.9  which  shovs  the  fract¬ 
ure  appearances  typical  of  all-carbon  and  all-glass  speciaens  following 
tensile  iapact  in  the  C  direction.  A  concentration  of  the  iapact  danage 
within  the  central  third,  i.e.  the  parallel  region  of  the  speclaen,  is 
apparent  in  both  aaterials.  To  allow  for  this  a  second  correction  has 
been  applied  to  the  Hopkinson-bar  curve  of  fig.  3.8,  the  inelastic  strain 
in  the  post-yield  region  being  increased  by  this  factor  of  3.  The  res¬ 
ulting  curve  shovs  such  closer  agreenent  with  the  stress-strain  curve 
derived  froa  the  speclaen  strain  gauges  in  the  post-yield  region,  see  fig. 
3.10,  although  the  discrepancy  at  the  elastic  liait  reaains.  The  aost 
significant  effect  of  this  second  correction  is  to  increase  the  estiaated 
strain  at  peak  lead,  c  ,  froa  about  2.6X  to  about  4.SX.  Unfortunately  in 
no  other  test  did  the  speclaen  strain  gauges  continue  to  give  a  signal 
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much  beyond  the  elastic  limit.  Until  further  evidence  is  obtained  vhich 
confirms  the  behaviour  shown  in  figs.  3.8  and  3.10  the  second  correction, 
i.e.  the  reduction  in  effective  gauge  length  in  the  post-yield  region,  will 
be  ignored. 

Three  tests  were  performed  on  the  all-carbon  and  three  on  the  all-glass 
specimens.  The  stress-strain  curves  obtained,  corrected  only  for  the 
initial  elastic  slope,  are  shown  in  figs.  3.11  and  3.12,  for  the  all-carbon 
and  the  all-glass  specimens  respectively.  The  date  obtained  in  these 
tests  are  summarised  in  table  3.4,  vhere  E*  is  the  modulus  in  the  C  direct¬ 
ion  as  derived  from  the  Hopkinson-bar  analysis  and  the  quoted  e  value 
takes  no  account  of  the  effective  gauge  length  correction  discussed  above 
for  the  post-yield  region.  The  average  strain  rate  during  the  test  was  of 
the  order  of  1500/s  for  the  all-carbon  specimens  and  2000/s  for  the  all¬ 
glass  specimens 


TABLE  3 . 4  Mechanical  Properties  of  All-Carbon  and  All-Glass  Specimens 
under  Impact  Loading  in  the  C  Direction 


Material 

E 

E* 

0 

ef 

a 

e 

c 

c 

max 

y 

V 

GPa 

GPa 

MPa 

(X) 

MPa 

oo 

All-carbon 

14.2 

9.84 

263.6 

2.78 

209 

2.10 

13.4 

10.44 

244.6 

2.92 

172.5 

1.65 

14.3 

10.43 

247.5 

2.60 

193.5 

1.85 

14.0 

10.24 

251.9 

2777 

191.7 

1.87 

+  0.5 

±0.3 

±9.5 

±0.16 

±18.3 

±0.23 

All-glass 

11.7 

6.60 

— 

_ 

111.0 

1.7 

11.5 

7.13 

225.1 

9.44 

100.0 

1.4 

11.4 

6.57 

228.9 

12.19 

88.0 

1.34 

11.5 

6.77 

227.0 

10.82 

99.7 

1.48 

±0.2 

±0.28 

±1.9 

±1.38 

±11.5 

±0.18 

3.1.4  Determination  of  In-Plane  Shear  Modulus 

As  described  in  the  earlier  report  (3)  the  results  of  tests  such  as 
those  of  section  3.1.3  above  may  be  used  to  calculate  the  in-plane  shear 
modulus  by  either  of  two  methods.  The  first  of  these  uses  the  modulus  in 
the  C  direction,  E  ,  as  listed  in  Table  3.4,  to  estimate  G.„  from  equation 
(3.1)  C  AB 

gab  =  <<A/V  -  (1/ea}  '  (1/eb)  +  2(vab/ea)}_1-  O-D 


Two  different  dynamic  values  for  and  Eg  are  available,  see  Table  3.3. 
Since,  however,  Ec  was  determined  from  tests  on  waisted  specimens  it  seems 
reasonable  to  use  corresponding  values  for  and  Eg  also  taken  from  tests 
on  waisted  specimens.  This  is  not  possible  vhere  vab  is  concerned  since 
Poisson's  ratio  was  determined  only  in  tests  on  parallel-sided  coupons. 

The  second  method  of  estimating  G^g  uses  equation  (3.2) 

GAB  "  (1/2H(2/V  -  d/Ea)  -  (1/Eg)} -1  (3.2) 


STRAIN 


where  the  "moduli"  Ea  and  Eo  are  defined  as  the  specimen  stress,  fig.  3.7d, 
divided  by  the  strain  in  either  the  varp  (c.45)  or  the  veft  (e+45)  direct¬ 
ions,  figs.  3.7e  and  f  respectively.  The  calculation  of  equation  (3.2)  is 
independent,  therefore,  of  the  choice  of  values  for  E4.  and  Eg.  Results 
for  the  variation  of  the  specimen  stress  vith  strain  in  the  varp  direction 
for  tests  on  the  all-carbon  specimens  are  shovn  in  fig.  3.13.  The  corr¬ 
esponding  values  of  moduli  for  these  and  similar  tests  on  the  all-glass 
specimens  are  listed  in  Table  3.5.  Also  given  in  Table  3-5  are  the  cal¬ 
culated  values  for  G^g  as  determined  from  both  equation  (3.1),  giving  Gjg, 
and  equation  (3.2),  giving  Gjg  For  the  all-carbon  specimens  there  is 
negligiole  difference  between  the  two  estimates  but  for  the  all-glass 
specimens  equation  (3.1)  gives  a  value  some  7.5X  greater  than  equation 
(3.2).  By  using  values  for  and  Eg  from  Table  3.3  for  the  parallel- 


TABLE  3 . 5  Elastic  Constants  from  Impact  tests  on  Specimens  Orientated  in 
the  'C'  Direction 


Material 

A 

Ee 

GPa 

gab 

GPa® 

G** 

GP§® 

GPa 

All-carbon 

14.2 

195 

85.8 

4.11 

4.03 

13.4 

180 

67.5 

3.83 

3.87 

14.3 

131 

81.3 

4.14 

4.17 

14.0 

169 

78.2 

4.03 

4.02 

±4X 

±19X 

±12X 

±4X 

±4X 

All-glass 

11.7 

64.3 

55.3 

3.88 

3.62 

11.5 

63.8 

63.0 

3.80 

3.50 

11.4 

63.9 

53.0 

3.75 

3.53 

11.5 

64.0 

5 m 

or 

3.55 

±u 

+  0.5X 

±  9X 

±  n 

±  2X 

sided  coupons  alternative  estimates  of  G^g  are  obtained  givi  g  3.55GPa±3X 
for  the  all-glass  specimens  and  3.93GPa±4X  for  the  all-carbon  specimens, 
i.e.  eliminating  the  previous  difference  between  G^g  and  Gj|  for  the  all¬ 
glass  specimens  but  introducing  a  difference  of  about  2.5X  between  those 
for  the  all-carbon  specimens. 


3.2  Transverse  Impact  tests  on  Woven- Reinforced  Laminates 

Tests  have  been  performed  on  five  different  hybrid  lay-ups,  see  fig. 
3.14,  at  gas-gun  firing  pressures  of  40  and  60psi.  All  specimens  were  C- 
scanned  both  before  and  after  testing,  to  determine  the  extent  of  the 
delaminated  region  resulting  from  the  impact-  All  specimens  were  then 
either  sectioned  and  examined  under  the  optical  microscope  or  deplied  and 
the  residual  quasi-static  tensile  strength  o'  the  various  plies  determined. 

3.2.1  Load-Displacement  Data 

The  difficulties  which  arise  when  attempting  to  obtain  reliable  data  for 
the  load  in  the  transverse  impact  test  have  already  been  described  in  sect¬ 
ion  2  above.  As  discussed  in  (13),  however,  these  difficulties  are  likely 
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Fig.  3.14  LAY-UP  CQHFIGURAIIOH  FOR  VARIOUS  SPEC1MEH  LAMINATES 


to  bo  ot  thoir  loaat  severe  vhon  stiff  laolnotss  ors  impacted  at  the  lower 
firiac  pressures.  This  vaa  the  ease  for  the  all-carbon  laainete  in  sect¬ 
ion  2t  where  the  f trine  pressure  vaa  only  30pal.  At  this  pressure,  how¬ 
ever,  no  daaage  could  be  detected  in  the  laainete  after  iapact.  At  the 
higher  pressures  required  to  initiate  iapact  daaage  and  for  tests  on  hybrid 
laainatea,  which  have  a  lover  stiffness  than  the  all-carbon  lay-up,  it  is 
likely,  therefore,  that  only  by  the  use  of  the  back  surface  strain  gauges 
and  the  related  quasi-static  calibration  will  any  estiaate  of  load  be  poss¬ 
ible. 

Unfortunately,  for  the  hybrid  laainatea  quasi-static  calibrations  of  the 
back  surface  straiu  gauges  have  only  been  obtained  for  the  type  III  and  the 
type  V  lay-ups.  For  the  type  III  lay-up  the  calibration  is  markedly  non¬ 
linear  for  loads  above  about  O.SkN,  see  fig.  3.15,  whereas  for  the  type  V 
lay-up,  see  fig.  2.12,  a  linear  calibration  is  obtained  up  to  about  2kN. 

The  lowest  firing  pressure  for  the  hybrid  laainatea  was  40psl.  Using  the 
test  at  this  pressure  on  the  type  V  hybrid  a  further  comparison  of  the  two 
methods  of  load  determination  nay  be  made.  The  load- time  and  load- 
displaceaant  curves  for  this  test,  calculated  fron  the  input-bar  signals, 
are  shown  in  figs.  3.16a  and  b.  Again  considerable  noise  is  apparent  on 
the  load-tine  curve  and  both  the  load  and  the  displaceaent  fall  to  around 
sero  after  about  1.6  to  1.7as. 

Using  the  calibrations  of  fig.  2.12,  a  load-time  curve  may  also  be  ob¬ 
tained  fron  the  back  surface  strain  gauges.  The  resulting  curve  for  gauge 
position  F  is  conpared  in  fig.  3.17  with  the  earlier  curve  of  fig.  3.16a. 

As  before,  the  general  shape  of  the  two  curves  is  closely  similar,  the 

noise  on  the  curve  derived  fron  the  input-bar  signals  falling  more  or  less 
syanetrically  about  that  derived  fron  gauge  F.  As  a  further  check  on  the 
errors  Involved  in  the  static  calibration  technique  of  load  determination, 
since  a  near  linear  calibration  was  also  obtained  for  the  back  surface 
gauge  at  position  D,  a  second  estimate  of  the  load-tine  curve  nay  be  ob¬ 
tained  fron  this  gauge.  The  tvo  load-time  curves,  derived  from  the  tvo 
back  surface  gauges,  are  conpared  in  fig.  3.18.  Bearing  in  mind  that 
gauge  F  is  neasuring  a  radial  strain  in  the  direction  of  veave  and  that 

gauge  D  is  neasuring  a  tangential  strain  at  45  degrees  to  the  direction  of 

veave,  the  general  agreement  between  the  tvo  curves  is  surprisingly  good. 

F  rtheless,  even  if  a  linear  extrapolation  of  the  quasi-static  calib- 

j.on  can  be  assuaed  up  to  &  load  of  about  3kN,  the  absolute  accuracy  vith 
which  the  applied  load  nay  be  determined  is  limited  to  no  better  than  about 
+  or  -  25X. 

Increasing  the  firing  pressure  to  60psi  results  in  a  load-time  curve 
derived  fron  the  input-bar  gauges  on  vhich  there  is  so  much  noise  that  it 
is  now  almost  iapossible  to  interpret,  see  fig.  3.19a.  The  corresponding 
displacenent-tine  curve,  see  fig.  3.19b,  shovs  a  maximum  displacement  of 
about  3an,  conpared  vith  1.2mm  for  the  test  at  40psi  (fig.  3.16).  Also 
the  displaceaent  in  the  60psi  test  only  reaches  this  maximum  value  after 
about  1.6as,  i.e.  at  the  end  of  the  calculated  part  of  the  test,  and  no 
subsequent  J  ray  in  the  displaceaent  is  observed.  It  may  still  be  poss- 
io  e.  ta  the  load  from  the  back  surface  strain  gauges  using  the 
quasi-sti .a-  calibrations  of  fig.  2.12.  The  resulting  load-tine  curves 
obtained  in  this  vsy  from  gauges  D  and  F  are  conpared  in  fig.  3.20.  In 
contrast  with  the  behaviour  found  at  AOpsl,  see  fig.  3.18,  vhere  reasonable 
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agreement  between  the  results  from  these  two  gauges  was  obtained,  here 
gauge  D  predicts  a  significantly  higher  load  than  gauge  F,  suggesting  that 
the  calibrations  of  fig.  2.12  have  been  affected  differently  by  the  damage 
induced  at  this  higher  impact  pressure  and  thus  casting  doubt  on  the  valid¬ 
ity  of  the  measured  loads. 

The  behaviour  shown  in  fig.  3.19a  is  typical  of  that  found  in  all  tests 
at  the  higher  pressures  and  at  all  pressures  on  specimens  of  lower  strength 
and  stiffness.  Further  attempts  to  estimate  the  applied  load,  therefore, 
were  abandoned  until  the  modified  loading  system  becomes  available.  Reli¬ 
able  displacement-time  curves,  such  as  that  of  fig.  3.19b,  are  available, 
however,  and  shov  significant  differences  in  response  for  different  spec¬ 
imens.  Thus,  for  the  type  VII  hybrid  the  maximum  displacement  at  40psi  is 
about  1mm,  increasing  to  about  1.6mm  at  60psi  (figs.  3.21a  and  b).  In 
both  cases  the  peak  displacement  is  reached  after  about  0.8ms  and  is  foll¬ 
owed  by  a  significant  recovery.  For  the  woven  all-glass  laminate,  how¬ 
ever,  see  figs.  3.22a  and  b,  the  displacement  is  still  increasing  after 
1.6ms,  the  end  of  the  calculated  part  of  the  test,  having  reached  in  this 
time  a  peak  of  about  2mm  at  30psi  and  about  4mm  at  60psi. 

3.2.2  Damage  Assessment 

Specimens  were  C-scanned,  both  before  and  after  testing,  to  estimate  the 
area  of  delamination  and  were  then  either  sectioned  on  a  diametral  plane  to 
observe  damage  by  means  of  the  optical  microscope  or  were  deplied  and  I  the 
extent  of  fibre  damage  determined  by  measuring  the  residual  ply  quasi¬ 
static  tensile  strength.  Typical  sets  of  C-scan  photographs  for  the  all¬ 
carbon  laminates  after  impact  at  firing  pressures  of  30,  40  and  60psi,  and 
for  the  type  V  and  VI  hybrid  laminates,  after  impact  at  firing  pressures  of 
40  and  60psi,  are  shown  in  figs.  3.23,  3.24  and  3.25  respectively.  The 
residual  ply  strengths,  normalised  with  respect  to  the  strength  of  the 
undamaged  carbon  or  glass  plies,  are  shown  in  figs.  3.26,  3.27  and  3.28, 
respectively,  for  the  same  specimens.  Open  symbols  denote  glass  plies  and 
filled  symbols  carbon  plies.  Also  included  in  fig.  3.27  are  the  results 
for  an  untested  and  deplied  specimen  from  which  the  average  undamaged  ten¬ 
sile  strengths  of  the  glass  and  carbon  plies,  respectively  0.44  and  2.33kN, 
may  be  determined  and  an  indication  of  the  experimental  scatter  in  estimat¬ 
ing  the  ply  strength,  from  0.94  to  1.08,  may  be  obtained. 

For  the  all-carbon  laminate,  see  fig.  3.22,  no  delamination  is  observed 
after  impact  at  30psi  while  at  both  40  and  60psi  a  delaminated  region  of 
approximately  circular  shape,  centred  on  the  point  of  impact,  may  be  seen, 
the  diameter  increasing  from  about  15mm  at  40psi  to  about  20mm  at  60psi. 
Although  considerable  experimental  scatter  is  obtained  when  determining 
residual  ply  strengths  for  the  coarse  weave  carbon  plies,  the  results  pre¬ 
sented  in  fig.  3.26  do  indicate  very  little  fibre  damage  at  30psi  and  a 
very  marked  deterioration  in  strength  both  for  the  first  three  plies  dir¬ 
ectly  under  the  point  of  impact  and  also  increasingly  from  the  middle  of 
the  specimen  to  the  back  surface.  At  60psi  all  13  plies  showed  some  red¬ 
uction  in  strength  while  at  40psi  plies  4  to  8  were  not  significantly  aff¬ 
ected,  lying  within  the  scatter  band  for  the  ,ply  strengths  of  the  30psi 
test.  Rear  surface  cracks,  visible  to  the  naked  eye  on  the  specimen 
tested  at  60psi,  see  fig.  3.23d,  explain  the  very  low  residual  strength  of 
the  back  surface  plies.  No  such  damage  was  obvious  on  the  front  surface 
despite  the  marked  reduction  in  ply  strength  also  observed  here. 
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C-scans  for  tha  typa  V  and  type  VI  hybrid  laalnates  after  testing  at 
both  40  and  60pii  ara  shown  In  figs.  3.24  and  3.25  respectively.  For  both 
hybrids  the  dalaainatlon  area  at  40psi  Is  approxlaately  circular  in  shape 
with  a  aean  dlaaeter  of  batvean  5  and  lOaa,  significantly  lass  than  for  the 
all-carbon  laainata  at  tha  saaa  pressure,  fig.  3.23b.  Increasing  tha 
pressure  to  60pal ,  hovaver,  has  a  vary  earkad  affect,  raising  tha  aean 
diaaeter  to  between  25  and  30aa,  significantly  greater  than  for  the  all¬ 
carbon  laainata  at  this  pressure,  fig.  3.23c.  This  change  in  dalaainatlon 
behaviour  is  accoapanled  by  a  change  in  tha  nature  of  tha  fibre  daaage  as 
indicated  by  the  residual  ply  strength  tests.  The  narked  reduction  in 
nornalised  residual  ply  strength  froa  tha  Biddle  of  tha  specimen  to  the 
back  surface,  seen  in  tha  all-carbon  specimens,  fig.  3.26,  is  not  shown  by 
the  type  V  and  type  VI  hybrid  lay-ups,  figs.  3.27  and  3.28.  Significant 
daaage  is  only  observed  in  these  speciaens  in  the  plies  iaaediately  under 
the  point  of  iapact  and,  in  tha  tests  at  60psi,  in  the  plies  very  close  to 
the  back  surface.  There  is  also  soae  evidence,  particularly  in  fig.  3.28 
and  in  tests  at  60psi,  to  suggest  greater  fibre  daaage  in  tha  carbon  rein¬ 
forced  plies  than  in  the  neighbouring  glass-reinforced  plies. 


FMD1CTI0M  OF  DTHAHIC  WOOUU  FOB  HT1RID  LAMINATES 


Analytical  axprasalona  vara  developed  in  previous  reports  (2,3)  froa 
vhich  the  taasila  elastic  Moduli  of  the  various  hybrid  lay-ups  could  be 
calculated  in  tarns  of  the  experimentally  determined  stiffness  matrices 
for  the  tvo  types  of  reinforcing  ply.  These  expressions  vara  used  to 
predict  the  quasi-static  tensile  elastic  moduli  for  the  three  carbon/glass 
hybrid  lay-ups  froa  the  corresponding  quasi-static  stiffness  aatrlces  for 
the  carbon  and  the  glass  reinforcing  plies.  In  the  present  section  an 
attanpt  is  aade  to  repeat  these  calculations  using  the  results  of  impact 
tests  to  determine  the  corresponding  stiffness  matrices.  The  hybrid 
dynamic  tensile  moduli  nay  then  be  predicted  froa  the  equation 

(1  ♦  o)(l  ♦  auXQ22)*  (4.1) 

where 

♦'  -  (1  ♦  ae)(l  ♦  ou)(Q11).(Q22)a  -  O  ♦  aX)2(Q12)^  (4.2) 

For  a  hybrid  lay-up  consisting  of  n  carbon  plies,  each  of  thickness  h  , 
and  (n  -  n)  glass  plies,  each  of  thickness  h.  ,  the  parameters  a,  B,  X  and  y 
are  given  by 

o  -  (m/(n  -  m))(hb/hm);  6  -  (QuV(Qn>a» 

(4.3) 

where  the  elements  of  the  stiffness  matrices  for  the  carbon  plies  and  the 
glass  plies  are,  respectively,  (Qn>a.  (012>a  •nd  <Q22)a  and  *QllV  <°12>b 
and  (Q22>b’ 


4.1  Determination  of  the  Dynamic  Stiffness  Matrices  for  the 
Carbon  and  the  Class  Pries 

The  elements  of  the  stiffness  matrices,  (Q^),  are  given  by 

Qn  -  «A/(1  -  vxBVBA> 

°22  "  V(1  "  VABVBA> 

°12  “  vAbV(1  -  VABVBA)  "  vBAEA/(1  *  VABVBA>  “d 


(4.4) 


As  noted  in  section  3.1.2,  tvo  distinct  sets  of  values  were  obtained  for 
&  and  Bn,  one  froa  the  normal  vaisted  design  of  specimen,  the  other  from 
tna  parallel-sided  coupons.  Poisson's  ratio  values,  hovever,  vere  only 
derived  froa  tests  on  the  second  of  these.  Tvo  estimates  vere  made  of 
G  ,  using  either  equation  (3.1)  or  equation  (3.2).  Of  these  the  former, 
but  not  the  latter,  is  affected  by  the  choice  of  values  for  B.  and  E_  vhile 
both  use  data  obtained  in  tests  on  vaisted  specimens.  Table*4.1  summer- 


lsea  tha  data  obtained  in  these  taata  and  needed  to  determine  the  elements 
of  tha  atiffnaaa  aatricaa. 


TABLE  4.1  Mean  Dynaaic  Blaatlc  Conatanta  for  Carbon  and  Glaaa  Plies 


Material 

ba 

*H 

CAB 

ga» 

VAB 

VBA 

'•Ia 

GPa 

GPa 

GPa 

GPa 

All-carbon, 

Vaisted 

48.7 

49.0 

4.03 

4.02 

Parallel 
All-glass , 

55.9 

60.9 

3.93 

0.061 

0.079 

0.066 

Vaisted 

24.0 

17.1 

3.81 

3.55 

Parallel 

28.7 

23.6 

3.55 

0.176 

0.155 

0.145 

where  GP_  is  datarainad  froa  aquation  (3.1),  G4|  is  deterained  from 
equatiofr(3.2)  and  is  derived  froa  the  symmetry  hypothesis. 

Using  this  data  the  stiffness  aatrices  have  been  calculated  for  the  all¬ 
carbon  and  tha  all-glass  plies  in  terns  of  both  sets  of  tensile  moduli. 
Taking  the  results  froa  the  vaisted  specimens  the  stiffness  aatrices  are 
found  to  be 


'  48.9  3.00 

<VCFRP  *  l'°°  J9-2 

24.6  3.09 

<Vgfrp-  l'09  J7-5 


and 


(4.5) 

(4.6) 


vhile  using  the  results  from  the  parallel-sided  coupons  these  become 


[  56.1  3.70  0  1 

in  r  “d 

f  29.5  4.26  0  1 

(0iiW-[$-26  24-2  ?.55J 


(4.7) 

r*.ni 


4.2  Predicted  Dynamic  Moduli  for  Hybrid  Specimens 


The  parameter  ,  see  equations  (4.3),  depends  only  on  the  hybrid  lav- 
up.  Previously  deterained  values  (3),  again  used  here,  are 


Hybrid,  type  1  :  a  -  1.27 
Hybrid,  type  2a:  a  ■  0.57 
Hybrid,  type  2b:  a  -  0.28 
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Parameters  6  ,  X  and  p  ara  also  determined  from  equations  (4.3)  using  the 
approprlata  elements  froa  tha  various  stiffness  matrices,  either  aquations 
(4.5)  and  (4.6)  for  tha  vaisted  apaciaan  tasta,  or  aquations  (4.7)  and 
(4.8)  for  tha  parallel-sided  coupons. 

Using  data  obtainad  froa  tha  vaiatad  spaciaans  va  obtain 

6  -  0.503|  X  -  0.356;  p  -  1.03;  (4.9) 

Tha  corresponding  valuas  of  6'  ara  obtained  from  aquation  (4.2)  and  the 
hybrid  aodulus  in  tha  varp  direction,  B.  •  E  estimated  from  equation 
(4.1).  A  modified  version  of  equationA(4.1), 

By  “  ♦''(!  ♦  «)(1  4  oB)(Q11)a  (4.10) 

is  used  to  estimate  the  hybrid  aodulus,  Efi  -  By,  in  the  vaft  direction. 
Results  obtainad  in  this  way  are  listed  in  Table  4.2  belov. 


TABLE  4 . 2  Predicted  Dynamic  Hybrid  Elastic  Moduli  from  Tests  on 
tfalsted  Specimens 


Specimen  4'  B^  Eg 


(GPa)2 

(GPa) 

(GPa) 

Type  1  Hybrid 

5667 

35.0 

31.2 

Type  2a  Hybrid 

3702 

39. 8 

37.5 

Type  2b  Hybrid 

3005 

43.4 

42.1 

Similar  calculations  using  data  obtained  from  tests  on  parallel  aided 
coupons  give  alternative  values  of 

B  -  0.526;  X  .  0.396;  p  -  1.15;  (4.11) 

The  corresponding  values  of  4',  E.  and  Eg  are  listed  in  Table  4.3.  The 
variation  of  the  predicted  hybrid  moduli  vith  the  volume  fraction  of  carbon 
reinforcing  plies  is  shovn  in  fig.  4.1.  The  predicted  values  agree  closely 
vith  the  rule  of  mixtures,  i.e.  they  fall  on  the  straight  line  joining  the 
mean  values  measured  for  the  all-carbon  and  the  all-glass  speciaens.  This 
is  not  surprising  since  for  the  present  loading  configuration,  see  equation 
(33)  of  the  earlier  report  (2),  the  laminate  theory  approach  is  essentially 

TABLE  4.3  Predicted  Dynamic  Hybrid  Elastic  Moduli  from  Tests  on 
Parallel-Sided  Coupons 


Specimen 

4' 

EA 

eb 

(GPa)2 

(GPa) 

(GPa) 

Type  1  Hybrid 

8510 

40.8 

40.1 

Type  2a  Hybrid 

5426 

46.1 

47.4 

Type  2b  Hybrid 

4344 

50.0 

52.7 
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0  □- loaded  in  warp  direction 

•  •-  loaded  in  weft  direction 

•  O-waieted  specimens 

■  Q-  parallel-aided  coupons 


Volume  Fraction  of  Carbon  Reinforcing  Plies 


(Waisted  specimens  loaded  in  weft  direction) 


0.44  0.64  0.78 

Volume  Fraction  of  Carbon  Reinforcing  Plies 


I 


a  rafined  version  of  tha  rule  of  Mixtures.  The  experimental  results  were 
obtained  on  valeted  sped sens  loaded  In  the  veft  direction.  As  shown  In 
fif.  A. 2,  they  fall  very  close  to  but  just  slightly  below  the  corresponding 
predictions  In  fig.  4.1.  The  difference  betveen  the  experimentally 
Measured  and  the  theoretically  Measured  values  is  no  greater  than  the 
experimental  scatter  in  the  Measured  values,  about  ±5X.  The  scatter  band 
and  tha  number  of  tests  perforaed  are  Indicated  in  figs.  4.1  and  4.2  for 
the  experimentally  determined  moduli  for  the  all-glass  and  all-carbon 
plies  and  in  fig.  4.2  for  the  experimentally  determined  hybrid  moduli. 


5. 


DISCUSSION 


5.1  Predicted  Hybrid  Tensile  Moduli  under  Impact  Loading 

It  is  clear  from  the  results  presented  in  fig.  4.1a  that,  as  in  the 
previous  quasi-static  calculations  (3),  the  laminate  theory  predictions  of 
the  hybrid  dynamic  tensile  moduli  follov  extremely  closely  those  determined 
using  the  rule  of  mixtures.  Both  depend  on  experimentally  measured  moduli 
for  the  all-carbon  and  the  all-glass  reinforcing  plies  in  the  varp  and  weft 
directions.  Scatter  bands  for  these  measurements  are  given  in  fig.  4.1a 
and  are  significantly  larger  for  the  coarse-veave  all-carbon  plies  than  for 
the  fine-weave  all-glass  plies. 

Two  anomalies  are  apparent  in  fig.  4.1a.  Firstly,  as  discussed  earl¬ 
ier,  tensile  moduli  for  the  all-carbon  and  the  all-glass  plies  determined 
in  tests  on  parallel-sided  coupons  gave  significantly  higher  values  than 
those  determined  in  tests  on  the  standard  design  of  specimen  vaisted  in  the 
thickness  direction.  This  leads  to  tvo  different  sets  of  laminate  theory 
predictions  for  the  hybrid  tensile  moduli  in  both  the  varp  and  the  weft 
directions.  In  practice  the  experimentally  measured  hybrid  moduli  were 
obtained  in  the  weft  direction  on  vaisted  specimens.  As  shown  in  fig. 
4.1b,  they  fall  just  below  the  corresponding  laminate  theory  prediction, 
the  lowest  of  the  lines  in  fig.  4.1a.  The  maximum  discrepancy  between  the 
laminate  theory  prediction  and  the  experimental  measurement  is  about  10X 
and  is  for  the  type  2a  hybrid.  This  contrasts  with  the  quasi-static  res¬ 
ults  previously  obtained  (3)  where,  for  the  warp  direction,  the  experiment¬ 
al  results  had  scatter  bands  which  bridged  the  laminate  theory  and  rule  of 
mixtures  predictions.  Since  the  impact  tests  were  performed  at  an  early 
stage  in  this  investigation,  it  is  planned  to  repeat  the  experimental 
measurements  of  dynamic  tensile  modulus,  in  both  varp  and  weft  directions, 
as  a  further  check  on  the  accuracy  of  the  reported  results.  The  discrep¬ 
ancy  between  the  experimental  measurements  of  modulus  on  the  parallel  sid¬ 
ed  coupons  and  the  vaisted  specimens,  however,  appeared  in  relatively  rec¬ 
ent  tests  and  is  more  difficult  to  understand.  Currently  a  stress  analy¬ 
sis,  using  finite  elements,  is  being  undertaken  of  the  various  specimen 
designs  and  may  lead  to  an  explanation  of  this  behaviour  although,  from  the 
results  obtained  so  far,  this  does  not  seem  to  be  very  likely. 

The  second  anomaly  concerns  the  behaviour  of  the  all-carbon  plies  which 
show,  see  Table  3.1,  a  greater  stiffness  in  the  weft  direction  and  a  great¬ 
er  strength  (3)  in  the  varp  direction.  This  effect  was  observed,  but  was 
nf  1  nsi crni  f  1  rant  macrni  tilde .  In  the  test.Q  nn  the  specimens.  Tt 

appears  to  a  more  marked  extent  in  the  tests  on  the  parallel-sided  coupons, 
although  it  must  be  admitted  that  the  scatter  band  for  the  varp  moduli 
measurements  lie  within  those  for  the  weft  moduli.  A  similar  behaviour  is 
not  observed  in  the  all-glass  plies  so  it  clearly  does  not  arise  merely 
from  the  change  in  specimen  design  but  may  also  relate  to  the  difference 
in  reinforcement  geometry  between  the  coarse-veave  of  the  carbon  plies  and 
the  fine-weave  of  the  glass  plies. 

A  further  difference  between  the  tvo  types  of  reinforcement  is  apparent 
vhen  considering  the  rate-dependence  of  the  elements  of  the  stiffness  mat¬ 
rices.  As  shovn  in  Table  5.1,  all  elements  of  the  stiffness  matrix  for 


TABLE  5 . 1  Effect  of  Strain  Rate  on  the  Elements  of  Stiffness  Hatrices  for 
Carbon-Reinforced  and  Glass-Reinforced  plies 
(as  determined  from  measurements  on  vaisted  specimens) 


Q11 

Q12 

°22 

<*66  =< 

All-carbon 

Quasi-static  tests 

(GPa) 

46.2 

6.1 

44.1 

2.7 

Impact  tests 

(GPa) 

48.9 

3.0 

49.2 

4.0 

All-glass 

Quasi-static  tests 

(GPa) 

17.0 

2.3 

14.1 

1.6 

Impact  tests 

(GPa) 

24.6 

3.1 

17.5 

3.8 

glass-reinforced  plies  and  all  elements  except  of  the  stiffness  matrix 
for  carbon-reinforced  plies  are  found  to  increase  in  magnitude  with  in¬ 
creasing  strain  rate,  the  rate-sensitivity  being,  in  general,  twice  as 
great  for  the  glass  plies  as  for  the  carbon  plies.  The  most  marked  in¬ 
crease  is  in  Qg6,  i.e  the  in-plane  shear  modulus  GAB,  which  is  more  than 
doubled  for  the  glass  reinforced  plies  and  increases  by  about  50?  for  the 
carbon-reinforced  plies.  Since  the  shear  modulus  is  more  strongly  depend¬ 
ent  than  the  other  elastic  constants  on  the  properties  of  the  matrix,  its 
marked  rate-dependence  is  not  unexpected.  A  rather  smaller  increase  is 
apparent  in  and  Q^,  between  20  and  40?  for  the  glass-reinforced  plies 
and  between  5  and  10?  for  the  carbon-reinforced  plies.  An  anomalous  be¬ 
haviour  is  shown,  however,  by  the  element  012  which  increases  by  about  30? 
in  the  glass-reinforced  plies  but  decreases  in  impact  tests  on  the  carbon- 
reinforced  plies  to  less  than  half  its  quasi-static  value.  It  is  likely 
that  this  difference  in  behaviour  follows  from  the  much  coarser  weave  in 
the  carbon  reinforced  plies  leading  to  more  significant  edge  effects,  there 
being  only  5  carbon  tows  across  the  specimen  width  as  compared  with  25,  in 
the  warp  direction,  or  17,  in  the  weft  direction,  across  the  width  of  the 
all-glass  specimens. 


5.2  Transverse  Impact  Testing  Technique 

The  original  intention  had  been  to  develop  an  improved  transverse  impact 
test  in  which  the  instrumentation  provided  would  allow  an  unambiguous  det¬ 
ermination  of  the  force,  velocity  and  displacement  applied  to  the  specimen 
without  the  need  to  assume  conditions  of  quasi-static  equilibrium  within 
the  specimen.  In  the  event  reliable  velocity-  and  displacement-time  data 
have  been  obtained  but  problems  have  been  encountered  in  the  accurate  meas¬ 
urement  of  force.  These  difficulties  are  greater  the  higher  the  impact 
velocity  and  the  lower  the  stiffness  (or  load-carrying  capacity)  of  the 
specimen  and  are  fundamental  to  the  instrumented  Hopkinson  input-bar  tech¬ 
nique  used  here.  t 

In  consequence  two  improvements  to  the  testing  technique  are  being  con¬ 
sidered.  The  simplest  is  to  alter  the  loading  configuration,  making  the 
projectile  and  input  bars  of  the  same  material  and  of  the  same  length  and 
cross-sectional  area.  In  the  absence  of  a  specimen  only  one  loading  wave 
will  be  seen  in  each  bar  following  impact,  the  unloading  wave  from  the  free 
end  completely  cancelling  the  initial  loading  wave.  The  resistance  of  the 
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specimen  vi.H  reduce  the  magnitude  of  the  reflected  unloading  wave  so 
further  reflections  vill  follow  but  the  amplitude  of  these  waves  should  be 
less  and  the  rate  of  decay  greater  than  in  the  present  set-up. 

Hovever,  if  the  input  bar  were  not  in  contact  with  the  specimen  at  the 
instant  the  projectile  made  contact ,  the  effect  of  the  impact  would  be  to 
give  the  input  bar  a  velocity  equal  to  that  previously  had  by  the  proj¬ 
ectile  vhile  leaving  it  in  an  unstressed  state.  Vhen  it  subsequently 
impacts  the  specimen  the  gauge  signals  from  stations  I  and  II  vill  be  a 
direct  measure  of  the  load  applied  to  the  specimen  which  could,  therefore, 
be  determined  much  more  accurately.  It  is  true  that  the  velocity  would 
now  be  determined  as  the  difference  between  two  measurements  but  one  of 
these,  the  velocity  of  the  input  bar  before  impact  with  the  specimen,  is 
likely  to  be  constant,  assuming  the  input  bar  is  indeed  unstressed  at  this 
stage.  These  two  improvements  to  the  testing  technique  are  being  implem¬ 
ented  and  the  results  vill  be  reported  on  in  due  course. 


5.3  Transverse  Impact  Test  Results 

A  full  discussion  of  the  experimental  results  is  inhibited  by  the  lack 
of  reliable  load  measurements  in  most  of  the  tests.  Also  discussion  is 
made  more  difficult  by  the  differences  between  the  various  laminates  from 
which  the  specimens  were  made.  These  laminates  were  designed  primarily 
for  their  suitability  in  the  ongoing  tensile  impact  testing  programme. 

Under  a  tensile  loading  configuration  the  high  strain  to  failure  (and  the 
correspondingly  high  energy  absorbed)  observed  in  glass-reinforced  plies  at 
impact  rates  of  strain  in  all-glass  sped  nens  is  significantly  reduced  in 
tests  on  carbon/glass  hybrids  where  the  much  lower  failure  strain  in  the 
carbon-reinforced  plies  limits  the  amount  of  damage  that  the  glass  plies 
can  sustain.  In  the  transverse  impact  loading  configuration,  therefore, 
different  responses  might  be  expected  if  the  outer  plies,  where  the  higher 
strains  vill  be  experienced,  are  predominantly  either  glass-reinforced  or 
carbon-reinforced.  There  will,  of  course,  be  an  interaction  between  the 
magnitude  of  these  surface  strains  and  the  specimen  thickness,  a  geometr¬ 
ical  effect,  and  stiffness,  which  will  vary  with  the  hybrid  lay-up. 

While  the  present  results  do  not  allow  an  unambiguous  isolation  of  these 
various  effects  several  observations  can  be  made.  Thus,  considering  res¬ 
ults  for  all  five  hybrid  lay-ups,  as  reported  on  in  (13),  a  comparison  may 
be  made  between  the  behaviour  of  the  type  IV  and  type  V  hybrids  and  the 
all-carbon  laminate.  All  three  are  of  a  similar  thickness,  between  3.6 
and  3.8mm,  and  both  hybrids  have  a  single  carbon  reinforcing  ply  at  both 
the  front  and  back  surfaces.  Normalised  residual  tensile  ply  strengths 
similar  to  those  in  fig.  3.27,  with  damage  mainly  limited  to  the  front  and 
back  surface  regions,  are  shown  by  both  hybrids.  This  compares  with  the 
all-carbon  laminate  which  shows  a  much  greater  reduction  in  ply  strength 
throughout  the  thickness,  see  fig.  3.26,  and  rear  surface  cracks  after 
testing  at  60psi,  see  fig.  3.23d.  The  initially  higher  stiffness  of  the 
all-carbon  laminate  probably  indicates  that  it  supported  a  higher  impact 
load  at  a  given  firing  pressure.  Nevertheless,  the  presence  of  the  glass- 
reinforced  plies  has  clearly  limited  the  extent  of  fibre  damage.  A  second 
difference  between  the  all-carbon  laminate  and  the  two  hybrids  is  apparent 
from  the  C-scans,  figs.  3.23,  3.24  and  3.25.  Thus,  vhile  at  40psi  the  de- 


lamination  araa  In  the  hybrids  Is  smaller  than  in  the  all-carbon  laminate, 
at  60psi  the  reverse  is  the  case,  suggesting  that  with  increasing  impact 
velocity  damage  is  accommodated  in  the  hybrids  by  greater  delamination  and 
in  the  all-carbon  laminate  by  increased  fibre  fracture.  Both  processes 
are  evident  in  the  micrograph  of  fig.  5.1.  This  is  for  a  second  type  V 
hybrid  specimen,  impacted  at  40psi  and  then  sectioned  on  a  diametral  plane 
perpendicular  to  the  varp  direction.  In  this  test  a  back  surface  strain 

gauge  rosette  had  been  fixed  at v the  centre  of  the  specimen.  Immediately 
belov  this  on  the  outer  surface  of  the  specimen  vas  a  single  carbon  reinf¬ 
orced  ply  followed  by  four  glass-reinforced  plies.  Fibre  fracture  is 
apparent  across  the  veft  tov  of  the  outer  carbon  layer,  and  is  associated 
vith  a  crack  in  the  matrix  initiating  at  the  outer  surface  belov  the  strain 
gauge  and  arresting  at  the  first  glass  ply  it  encounters.  Delamination  is 
seen  betveen  the  warp  and  veft  tows  of  the  carbon-reinforced  ply,  leading 
to  transverse  cracks  in  the  varp  tov  of  the  outer  carbon  layer,  these 
cracks  also  arresting  at  the  neighbouring  glass-reinforced  ply.  The 
micrograph  also  shovs  the  relatively  large  void  content  due  to  the  hand 
lay-up  technique  employed  to  manufacture  these  laminates. 

A  second  general  observation  may  be  made  from  the  results  obtained  in 
tests  on  the  type  VI  and  type  VII  hybrids.  These  have  a  thickness  of  4.3 
and  4.5mm  respectively  and  also  have  a  single  carbon-reinforced  ply  on  each 
surface.  As  with  the  type  IV  and  type  V  hybrids  the  delamination  area  is 
relatively  small  at  40psi  and  considerably  increased  at  60psi,  similar  to 
the  behaviour  shown  in  the  C-scan  of  fig.  3.27,  suggesting  that  for  these 
hybrids  also  increasing  delamination  vas  the  primary  process  of  damage 
accommodation  at  the  higher  pressures.  Hovever,  an  additional  feature  of 
these  tests  is  apparent  vhen  their  normalised  residual  ply  strengths  are 
considered,  see  fig.  3.28.  These  show,  in  the  main,  a  much  greater  red¬ 
uction  in  the  strength  of  the  carbon  plies  than  in  that  of  the  glass  plies. 
This  effect  is  particularly  marked  at  60psi  where,  for  the  type  VII  hybrid, 
the  glass  plies  remained  largely  undamaged.  If  the  normalised  residual 
ply  strengths  are  replotted  for  the  tests  at  60psi  with  separate  curves  for 
the  glass  and  the  carbon  plies,  see  fig.  5.2,  the  effect  is  more  clearly 
apparent  and  is  seen  also  to  occur  in  the  type  IV  and  type  V  hybrids. 

This  is  the  sort  of  behaviour  which  vould  be  expected  in  view  of  the 
ability  of  glass-reinforced  plies  to  retain  their  strength  to  higher 
strains,  particularly  under  impact  loading. 
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6.  CONCLUSIONS 


1.  Impact  tests  have  been  performed  using  the  standard  vaisted  design  of 
tensile  specimen  for  both  the  all-glass  and  the  all-carbon  reinforced 
laminates  loaded  in  the  varp  (A),  veft  (B)  and  45°  (C)  directions  to 
determine  the  tensile  and  ln-plane  shear  moduli  and  using  parallel¬ 
sided  coupons  for  the  same  laminates  loaded  in  the  warp  and  weft  dir¬ 
ections  to  determine  the  two  values  of  Poisson's  ratio  and  to  make  a 
second  estimate  of  the  tensile  moduli.  Significantly  higher  values 
of  tensile  moduli  vert  obtained  from  the  tests  on  the  parallel-sided 
coupons . 

2.  Dynamic  stress-strain  curves  for  all-carbon  and  all-glass  laminates 
loaded  in  the  C  direction  have  been  obtained.  Compared  vith  prev¬ 
ious  results  (3)  for  Impact  tests  on  the  same  laminates  loaded  in  the 
warp  and  veft  directions,  the  maximum  stress  here  is  reduced  by  about 
one  half  and  the  corresponding  failure  strain  more  than  doubled. 

3.  Using  the  elastic  constants  determined  in  the  impact  tests  on  the 
all-carbon  and  the  all-glass  laminates  dynamic  two-dimensional  stiff¬ 
ness  matrices  have  been  determined  for  both  types  of  reinforcing  ply 
using  results  from  both  waisted  specimens  and  parallel-sided  coupons. 
In  terms  of  the  modified  laminate  theory  developed  previously  (3), 
estimates  for  the  hybrid  dynamic  tensile  moduli  have  been  obtained 
and  are  found  to  follow  closely  the  simple  'rule  of  mixtures'  pre¬ 
dictions.  Experimental  values  for  the  hybrid  dynamic  tensile  moduli 
measured  in  the  weft  direction  fall  slightly  below,  by  up  to  10X,  the 
theoretical  predictions  for  the  veft  direction  based  on  stiffness 
matrices  determined  from  tests  on  vaisted  specimens. 

4.  An  impact  testing  machine  for  composite  materials  has  been  developed 
in  which  a  transverse  load  is  applied  to  the  centre  of  a  thin  circul¬ 
ar  laminate  and  the  subsequent  deformation  is  monitored  using  an  in¬ 
strumented  Hopkinson-type  input  bar.  The  duration  of  loading  is  of 
the  order  of  1  to  2  milliseconds,  the  specimen  being  effectively  in 
quasi-static  equilibrium  for  most  of  this  time.  Except  at  the  low¬ 
est  impact  velocities  on  the  stiffest  laminates  the  Hopkinson-bar 
measurement  of  the  applied  load  is  unsatisfactory.  An  alternative 
technique,  based  on  signals  from  specimen  back  surface  strain  gauges 
vhich  have  been  calibrated  quasi-statically,  gives  an  improved  est¬ 
imate  of  the  applied  load  but  breaks  do  'n  vhen  significant  damage 
develops  in  the  specimen. 

5.  Although  the  lack  of  a  reliable  estimate  of  the  impact  loads  leads  to 
difficulties  in  making  a  detailed  comparison  between  results  from 
specimens  vith  different  ply  lay-ups  and  hybrid  volume  fractions,  two 
general  trends  were  observed. 

i 

a)  At  increasing  impact  velocity,  damage  in  the  woven  all-carbon  lam¬ 
inate  is  primarily  by  fibre  fracture  in  plies  tovards  the  rear 
surface.  The  introduction  of  glass-reinforced  plies,  hovever, 
leads  to  a  change  from  fibre  fracture  to  delamination  as  the  prin¬ 
cipal  damage  accommodation  mechanism. 
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b)  After  Impact  at  higher  velocities  the  normalised  residual  tensile 
strengths  determined  for  the  carbon  piles  vere  significantly  lover 
than  for  the  glass  plies.  This  agrees  vlth  the  results  of  the 
previous  tensile  tests  where  glass-reinforced  plies  have  been 
shown  to  retain  their  strength  under  impact  loading  to  consider¬ 
ably  higher  strains  than  have  carbon-reinforced  plies. 
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7.  FVTUKB  WORK 


The  present  report  describes  work  performed  during  the  final  six  aonth 
period  of  Grant  No.  AFOSR-85-0218 .  This  grant  is  to  be  succeeded  by  a  nev 
programme,  under  Grant  No.  AFOSR-86-0031 ,  entitled  "Modelling  of  the  Inpact 
Response  of  Fibre-Reinforced  Composites" ,  which  will  coebine  a  continuation 
of  the  experimental  work  reported  on  here  with  atteepts  to  eodel  the  exper- 
ieental  results  obtained  by  nuaerical  techniques,  asking  possible  a  pre¬ 
diction  of  the  lapse t  response. 

The  next  stages  in  the  experiaental  prograaae  are  expected  to  involve :- 

1.  A  determination  of  the  compressive  strengths  of  the  all-glass  and  the 
all-carbon  laninates  at  both  quasi-static  and  iapact  rates  of  strain 
and  in  both  warp  and  weft  directions  to  provide  data  on  which  to  base 
estiaates  of  the  hybrid  tensile  strengths  at  the  two  strain  rates  us¬ 
ing  the  laainate  theory  approach  developed  previously  (2). 

2.  Using  data  obtained  in  both  tension  and  compression  on  the  all-glass 
and  all-carbon  plies  and  at  both  the  quasi-static  and  the  impact 
rate,  to  obtain,  in  terms  of  the  laminate  theory  approach,  predicted 
tensile  strengths  for  the  hybrid  laminates  and  to  compare  these  with 
the  experimentally  determined  values. 

3.  A  parallel  series  of  tests  to  those  on  carbon/glass  hybrids  described 
in  previous  reports  (2,3)  at  iapact,  intermediate  and  quasi-static 
rates  on  specimens  reinforced  with  plain-weave  fabrics  of  carbon  and 
Kevlar  in  various  hybrid  lay-ups  and  an  examination  of  the  failure 
processes  by  optical  and  scanning  electron  microscopy. 

4.  In  connection  with  the  proposed  analytical  studies  it  is  likely  that 
there  will  be  a  need  (i)  to  obtain  estimates  of  the  elastic  proper¬ 
ties  of  the  all-carbon  and  the  all-glass  laminates  in  the  through¬ 
thickness  direction  and  (ii)  to  attempt  an  experimental  determin¬ 
ation  of  the  impact  failure  strengths  associated  with  both  inter¬ 
laminar  shear  failure  between  the  plies  and,  possibly,  failure  normal 
to  the  interlaminar  plane.  These  are  both  quite  major  studies, 
particularly  the  latter  where  sufficient  results  are  required  to  make 
some  estimate  of  the  statistical  variation  involved. 

The  initial  stages  of  the  proposed  analytical  programme  are  expected  to 
include: - 

5.  An  evaluation  of  the  stress  (and  strain)  distribution  in  the  standard 
design  of  tensile  specimen,  vaisted  in  the  thickness  direction,  as 
used  in  all  experimental  measurements  so  far.  Initially  all-glass 
and  all-carbon  reinforced  specimens  will  be  studied,  using  the  stiff¬ 
ness  matrices  for  the  two  types  of  reinforcing  ply  already  determined 
experimentally.  The  analysis  will  then  be  extended  to  hybrid  spec¬ 
imens  with  different  lay-up  sequences. 

6.  By  dividing  the  specimen  into  a  number  of  elemental  segments,  or 
"links",  to  each  of  which  a  failure  strength  is  randomly  assigned, 
the  first  link  to  fail,  and  the  corresponding  applied  load,  will  be 
determined.  Failure  will  be  related  to  the  local  tensile  stress  and 


to  the  randomly  assigned  strength  level  based  on  a  statistical  dis¬ 
tribution  of  failure  strengths  related  to  experimental  measurements. 
Once  such  a  failure  has  occurred  the  stress  distribution  in  the  neigh¬ 
bouring  segments  has  to  be  determined  in  order  to  assess  vhether  the 
next  stage  in  the  process  is  a  further  tensile  failure  or  vhether 
significantly  large  normal  and/or  shear  stresses  are  developed  leading 
to  deplying  or  delaaination  as  possible  mechanisms  for  the  next  step 
in  the  failure  process. 

7.  A  study  of  the  stress  distribution  around  the  specimen/loading-bar 
interface  for  various  geometries  so  as  to  optimise  the  load  transfer 
between  the  loading-bar  and  the  specimen  and  obtain  a  design  of  spec¬ 
imen  which  will  allov  tensile  failures  in  impact  tests  on  unidirect- 
ionally  reinforced  specimens. 
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